PTEN phosphatase is a potent tumor suppressor that regulates multiple cellular functions. In the cytoplasm, PTEN dephosphorylates its primary lipid substrate, phosphatidylinositol 3,4,5-trisphosphate, to antagonize the phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway. It has also become increasingly evident that PTEN functions in the nucleus and may play an important part in transcription regulation, but its nuclear targets remain elusive. In this report, we demonstrate the transcription factor cyclic AMP response element-binding protein (CREB) is a protein target of PTEN phosphatase and that PTEN deficiency leads to CREB phosphorylation independent of the PI3K/AKT pathway. Using confocal immunofluorescence and reciprocal immunoprecipitation, we further show that PTEN colocalizes with CREB and physically interacts with CREB. Moreover, we use both in vitro and in vivo experiments to show PTEN can dephosphorylate CREB in a phosphatase-dependent manner, suggesting that CREB is a substrate of PTEN nuclear phosphatase. Loss of Pten results in an elevated RNA level of multiple CREB transcriptional targets and increased cell proliferation, which can be reversed by a nonphosphorylatable CREB mutant or knockdown of CREB. These data reveal a mechanism for PTEN modulation of CREB-mediated gene transcription and cell growth. Our study thus characterizes PTEN as a nuclear phophatase of a transcription factor and identifies CREB as a novel protein target of PTEN phosphatase, which contributes to better understanding of PTEN function in the nucleus. Cancer Res; 71(8); 2821-5. Ó2011 AACR.
Introduction
PTEN phosphatase is one of the most frequently lost or mutated genes in human cancers. In addition to inhibiting the phosphatidylinositol 3-kinase (PI3K)/AKT pathway as a lipid phosphatase, PTEN also acts as a protein phosphatase to regulate other cellular functions (1) . For example, PTEN interacts with focal adhesion kinase (FAK) and reduces its tyrosine phosphorylation (2) . A recent study reported that the regulatory subunit of PI3K, p85, could also serve as a protein substrate of PTEN phosphatase (3) , which represents an alternative mechanism for negative regulation of PI3K by PTEN. These findings illustrate the importance of the protein phosphatase function of PTEN for control of multiple cellular processes.
Emerging evidence demonstrates that PTEN has various nuclear functions in addition to its established roles in the cytoplasm (4, 5) . In addition to controlling chromosome stability and DNA repair (6, 7) , nuclear PTEN is also involved in transcriptional regulation by targeting a variety of transcription factors (8, 9) . The phosphorylation-dependent transcription factor, cyclic AMP response element-binding protein (CREB), has been found to mediate PTEN regulation of multiple genes including Bcl-2 (10) and cyclin D2 (11) . CREB activation promotes cell survival and phosphorylation at serine 133 is an indicator of CREB activation (12) . In this report, we characterize PTEN as a phosphatase acting directly on CREB, and describe a mechanism potentially underlying the involvement of PTEN in transcriptional regulation.
Our study demonstrates that PTEN can dephosphorylate CREB at Ser133 and that PTEN protein phosphatase activity is required for CREB dephosphoryation. Moreover, inhibition of PI3K does not affect the phosphorylation status of CREB in Pten-null cells, which excludes the possibility of involvement of the PI3K/AKT pathway in PTEN regulation of CREB. This direct regulatory relationship between PTEN and CREB is further supported by colocalization of these molecules in the nucleus as well as physical association. Our data therefore identify CREB as a protein substrate of PTEN phosphatase and confirm PTEN and CREB function in an enzyme-substrate relationship. ), and a control His-tagged protein (His-control) were expressed in SF9 cells and purified using Ni-NTA agarose. For binding assay, purified His-CREB was incubated with His-PTEN or control protein, followed by immunoprecipitation with corresponding antibodies against PTEN or the control protein and immunoblotting detection of CREB. For dephosphorylation assay, purified His-CREB was incubated with either His-PTEN or the control protein, followed by immunoblotting of phospho-CREB (Ser133).
Materials and Methods

Coimmunoprecipitation, immunofluorescence, and confocal microscopy
Coimmunoprecipitation and immunofluorescence methods were described previously (7) . Immunostained cells were analyzed for colocalization of PTEN and CREB using a Leica TCS SP5 confocal microscope with a Plan-Apochromat (60/ 1.40) oil-immersion objective. Images were captured with a Leica DFC 500 digital camera and processed with the LAS AF software (Leica).
Results
Loss of PTEN leads to upregulation of CREB phosphorylation in a PI3K/AKT-independent manner
In order to determine the effect of PTEN deficiency on the activation status of CREB, we compared the level of CREB phosphorylation at Ser133 in cells with and without Pten. As shown in Figure 1A ); and normal human fibroblasts with and without PTEN siRNA. In all these cells, CREB phosphorylation was consistently upregulated in association with PTEN deficiency, as compared with the counterpart control cells (Fig. 1B) . These data argue strongly that enhanced phosphorylation of CREB is a feature common to PTEN deficiency.
In order to determine whether activation of the PI3K/AKT pathway mediates CREB phosphorylation in PTEN-deficient cells, we analyzed CREB phosphorylation in Pten-null cells following suppression of the PI3K pathway. As expected, LY294002, a PI3K-specific inhibitor, suppresses AKT phosphorylation but fails to reduce CREB phosphorylation (Fig. 1C) , showing that CREB phosphorylation is independent of activation of the PI3K/AKT pathway and suggesting it is a direct consequence of PTEN deficiency. These results raise the PTEN colocalizes with CREB in the nucleus and is associated with CREB Immunofluorescence and confocal microcopy were used to examine the subcellular distribution and spatial relationship of PTEN and CREB. CREB localizes primarily in the nucleus as punctuate foci as shown in Figure 2A . Although PTEN in Pten þ/þ MEFs exhibits a more diffuse distribution pattern in both the cytoplasm and the nucleus, its nuclear staining appears to be aggregated in minute foci and a substantial proportion of these overlap with the CREB staining. These data suggest that PTEN may physically associate with CREB and participate in CREB-related nuclear function. The physical interaction of PTEN and CREB was further examined in MEFs and HeLa cells using reciprocal coimmunoprecipitation. PTEN is detectable in CREB-immunoprecipitates in Pten þ/þ but not in Pten À/À MEFs (Fig. 2B, top left) .
In a similar manner anti-PTEN antibody precipitates CREB in cells containing wild-type Pten but not in Pten-null cells (Fig. 2B, bottom left) . Consistent with findings in the mouse cell system, CREB interacts with PTEN in HeLa cells, and to a significantly reduced extent in HeLa cells containing PTEN siRNA (Fig. 2B, right) . In addition to these in vivo coimmunoprecipitation studies, we also investigated the ability of PTEN to directly interact with CREB in vitro. CREB was detected after incubation with His-PTEN, but not with the control protein (Fig. 2C) . These data indicate that PTEN associates directly with CREB, providing a basis for a functional relationship.
PTEN dephosphorylates CREB in a phosphatasedependent manner
To test our hypothesis that CREB serves as a protein substrate for PTEN phosphatase, we conducted an in vitro dephosphorylation assay using purified His-CREB and His-PTEN protein. As expected, CREB phosphorylation is greatly decreased in the presence of wild-type PTEN, as compared to the control protein (Fig. 3A) . To evaluate the importance of PTEN phosphatase activity, we also included 2 naturally occurring mutants with different phosphatase deficiencies. PTEN C124S lacks both lipid and protein phosphatase activity (14) , whereas PTEN G129E is lipid phosphatase deficient but retains protein phosphatase activity (15) . It is important to note that the PTEN C124S mutant fails to reduce CREB phosphorylation whereas the PTEN G129E mutant remains effective in dephosphorylating CREB. These data demonstrate that protein phosphatase activity of PTEN is essential for suppression of CREB phosphorylation.
To further confirm the negative effect of PTEN on CREB phosphorylation and the role of PTEN phosphatase activity, we introduced wild-type PTEN as well as 2 phosphatasedeficient PTEN mutants into Pten-null cells and analyzed CREB phosphorylation. The elevated level of CREB phosphorylation in Pten-null cells is significantly reduced by wild-type PTEN and PTEN G129E with deficient lipid phosphatase activity (Fig. 3B) . However, CREB phosphorylation is not reduced by PTEN C124S which lacks both protein and lipid phosphatase activity. These results argue that dephosphorylation of CREB is dependent on PTEN protein phosphatase activity, and CREB is therefore a protein substrate of PTEN phosphatase.
Pten deletion induces CREB downstream gene expression and cell growth, which can be reversed by CREB knockdown or a CREB S133A mutant In order to expand upon our observations on PTEN regulation of CREB and assess downstream signaling and phenotype, we examined gene expression of CREB transcriptional targets and evaluated resultant cell growth. We sought to determine whether deletion of Pten leads to upregulation of c-Myc and (Fig. 4A) . Interestingly, knockdown of CREB by siRNA or overexpression of a nonphosphorylatable CREB mutant, S133A, significantly reverses the gene upregulation. These results indicate that CREB activation is the reason for the upregulation of c-Myc and Bcl2 in Pten deficient cells. Subsequently, we found that Pten À/À cells grow much faster than Pten þ/þ cells and a significant difference in cell growth was observed in Pten þ/þ and Pten À/À cells. More interestingly, the higher rate of cell growth in Pten-null cells is significantly compromised when CREB is knocked down or when cells overexpress CREB S133A . These results are consistent with the hypothesis that loss of Pten induces expression of CREB downstream targets, and suggest the increased cell growth results from CREB-mediated transcriptional activation and cell proliferation in Pten-null cells.
Discussion
In this study, we demonstrate that PTEN uses its protein phosphatase function to regulate the transcription factor CREB. PTEN physically associates with CREB and dephosphorylates CREB in a phosphatase-dependent but PI3K/ AKT-independent manner. Our data therefore identify CREB as a protein substrate of PTEN phosphatase in the nucleus, and reveal a novel mechanism wherein PTEN is involved in transcription regulation.
CREB is an important transcription factor as it resides at the center of a complicated regulatory network. CREB can be phosphorylated by various kinases depending on cellular stimuli (16) . On the other hand, CREB can also be dephosphorylated by several protein phosphotases, such as PP1 (17) and PP2A (18) . PTEN has previously been considered to indirectly regulate CREB through inhibition of AKT (19, 20) . However, our study demonstrates a novel mechanism for PTEN regulation of CREB wherein PTEN interacts directly with CREB and dephosphorylates CREB through PTEN protein phosphatase activity. We show that the activation of the PI3K/AKT pathway is not involved in PTEN suppression of CREB phosphorylation. Moreover, our in vivo and in vitro experiments confirm direct interaction between PTEN and CREB. PTEN lipid phosphatase activity is unnecessary for downregulation of CREB phosphorylation, arguing that the PI3K/AKT pathway is not involved in PTEN dephosphorylation of CREB. We therefore conclude that PTEN can act as a nuclear phosphatase that directly targets CREB and thus participate in transcriptional regulation. In summary, we identify CREB as a novel substrate of PTEN phosphatase in the nucleus and propose a new model in which CREB is dephosphorylated in a manner dependent of PTEN protein phosphatase activity. Our data emphasize the potential importance of the protein phosphatase function of PTEN, which is incompletely understood and clearly warrants further investigation. By demonstration of PTEN regulation of the transcription factor CREB, we highlight a role of PTEN in controlling the transcriptional machinery. Our study may thus serve as a starting point for more extensive exploration of PTEN protein targets in both the cytoplasm and the nucleus, which may ultimately reveal a PTEN driven regulatory signaling network.
